ABSTRACT In this paper, a band-pass filter based on the spoof surface plasmon polaritons (SSPPs) and coplanar waveguide (CPW)-based coupling structure is proposed. The design concept of the proposed band-pass filter is to use the SSPP structure and CPW-based coupling structure for controlling the high cut-off frequency and filtering the low-frequency wave, respectively, which means that the low and high cut-off frequencies of the band-pass filter can be independently controlled. The physical mechanism of the proposed band-pass filter is explained with the aid of dispersion curves, electric field distributions, and equivalent circuits. Moreover, parametric studies are conducted to analyze the effects of the key parameters on the controllable performance of the band-pass filter, which is useful for practical designs. Furthermore, in order to improve the high-frequency performance, the split ring resonators are added to the structure. The simulation results show that the proposed band-pass filter achieves a bandwidth (for |S 11 | < −10 dB and |S 21 | > −1.6 dB) of 35.9% (7.31-10.51 GHz). The experimental results validate the proposed concept and measured results are in a good agreement with simulated ones, which indicate that the proposed bandpass filter is believed to be significantly promising for further developing plasmonic functional devices at microwave frequencies.
I. INTRODUCTION
Spoof surface plasmon polaritons (SSPPs) have been widely utilized in the microwave applications, such as circulator [1] , various antennas [2] - [4] , and surface plasmonic filters [5] - [7] . Compared with the traditional microwave devices, the SSPP structures have the following special advantages, such as confining the microwave field in subwavelength size, resisting electromagnetic (EM) interference, and wide bandwidth. Additionally, it can break through the diffraction limit to realize the miniaturization of the microwave devices. Therefore, a band-pass filter based on
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the SSPPs can be a good candidate for future microwave communications.
Recently, the band-pass filters based on the microstrip line [8] - [13] , substrate-integrated waveguide (SIW) [14] - [18] , lumped element [19] , [20] , and SSPP geometries [7] [21]- [24] have been reported. The microstrip band-pass filters were basically designed using the series or parallel connection of the microstrip line structure [8] , [9] , microstrip fed [10] , and slotted ground structure [11] - [13] . Moreover, some SIW designs were also proposed in [14] - [18] to realize low cost, high quality factor, and easy fabrication bandpass performance. Nevertheless, most of them only realize a controllable frequency or bandwidth performance, which is difficult to achieve the fully controllable performance (the independent controllability of low and high cut-off frequencies). In order to achieve fully controllable bandpass filter, the designs based on the lumped elements were proposed to realize independent controllability of frequencies [19] , [20] . However, these designs are electronically controllable and it is not a planar structure and the fabrication cost is high. Therefore, designing a planar mechanically controllable band-pass filter with the independent controllability of low and high cut-off frequencies and low cost is technically very challenging. Accordingly, the SSPP-based structures are the suitable candidate for high cut-off frequency controlling, due to its advantages of high cut-off frequency can be easily controlled by optimizing the geometrical parameters [7] [21]- [24] . In addition, some CPW-based or microstripbased coupling structures [25] - [28] maybe a good candidate to control the low cut-off frequency after a modification. However, how to combine the modified CPW-based coupling structure with the SSPPs is a difficult problem.
In this paper, we propose a mechanically controllable bandpass filter, which are composed of three parts: 1) SSPP-based waveguide low-pass filter with periodic holes etched on the standard 50-CPW, which controls the high cut-off frequency [29] ; 2) a CPW-based coupling structure is used for controlling the low frequency band; 3) the split ring resonators (SRRs) [30] - [34] are added for enhancing the high frequency performance. In addition, the physical mechanisms are carefully investigated for better understanding based on the dispersion curves, electric field distributions, and equivalent circuits. The characteristic of our proposed band-pass filter is verified through both numerical simulations and experimental measurements. The proposed design has the following features: 1) the low and high cut-off frequencies of the band-pass structure can be independently controlled by changing different parameters, respectively; 2) the equivalent circuit model is proposed to explain the proposed band-pass filter; 3) the pass band has a good transmission efficiency; 4) simple, flexible, and low fabrication cost design makes it easy for microwave applications. 
II. DESIGN CONCEPT AND CONFIGURATION
The design idea of the proposed band-pass filter is sketched in Fig. 1 , which is a common SSPPs with the CPW-based coupling structure and the split ring resonators (SRRs) to realize a good band-pass performance. The SSPPs is used to control the high cut-off frequency by changing the unit cell length and the CPW-based coupling structure controls the low cut-off frequency by changing the bottom metal length. In addition, the SRRs are added in the structure to improve the high frequency performance of the proposed band-pass filter. Based on the above design concept, the configuration of the proposed band-pass filter is presented in Fig. 2 . The structure is printed on the 0.5 mm thick Taconic RF-35 substrate (relative permittivity ε r = 3.5, loss tangent tan δ = 0.0018). The SSPPs is composed of a 50-CPW transmission line with periodic holes etched on the middle line. The designed parameters of the width and gap of CPW striplines are denoted by w and g 1 , respectively. The length of CPW feeding part is marked as l. Likewise, the periodic holes have a radius of r and the length of a unit cell is marked as d, as shown in the dashed box. Moreover, the length and width of the middle line of the CPW-based coupling structure are defined as l 1 and w 1 , respectively. The length between the SRRs and the middle line of the CPW-based coupling structure is marked as l 2 . The gap of the CPW-based coupling structure is g 2 . Additionally, the width of the shorting pins and the length of the connected ground of CPW are denoted by w 2 and l 3 , respectively. The length and width of the metal of the CPWbased coupling structure on the bottom of the substrate are marked as l 4 and w 4 . Furthermore, the dimensions of the SRR are presented in Fig. 2(c) , the radii of the inner and outer are r 1 and r 2 , respectively. In addition, the thickness of the split ring is w 3 and the width of the open space of the split ring is w 5 .
III. DESIGN CONSIDERATIONS
The proposed band-pass filter combines the SSPP-based waveguide filter [29] and a CPW-based coupling structure, while adding the SRRs to improve the high frequency performance. The SSPP-based waveguide filter can support the SSPPs modes on the CPW surface and converts the quasi-TEM wave on the CPW to SSPPs wave efficiently by using the periodic holes etched on the CPW. Meanwhile, the length of the unit cell (d) controls the high cut-off frequency, which decreases with the d increases. Moreover, the CPW-based coupling structure is employed as a capacitor to filter the low frequency wave, which controls the low cut-off frequency by changing the length of metal (l 4 ) printed on the bottom layer of the substrate. Furthermore, the band-stop SRRs are added in the structure to improve the high frequency performance.
A. MODE CONVERSION FROM Quasi-TEM WAVE TO TM WAVE
The SSPP-based waveguide filter is used to control the high frequency performance, which is a common CPW line etched with periodic holes [29] . The unit cell of the waveguide is presented in the dashed box, as shown in Fig. 2(a) . The dispersion curves and the electric field distributions are simulated using the full-wave electromagnetic (EM) simulation software CST. The dispersion curves for the fundamental mode of the SSPP-based waveguide filter with different unit cell length (d) are plotted in Fig. 3(a) . It is seen that the dispersion curves deviate from the CPW line significantly with the increased unit cell length (d) when r is fixed as 2.88 mm. Additionally, it is clear from Fig. 3 (b) that the hole radius has little influence on the dispersion curves when d is fixed as 7.5 mm, except that if the diameter of the hole very close to the width of the CPW line, the dispersion curves will deviate dramatically. Generally, the wave momentums of the fundamental mode are gradually deviating from the CPW line and the cut-off frequency of the SSPP-based waveguide filter decreases as the unit cell length (d) and hole radius (r) raises. In order to further show the excellent field confinement and good propagation property of the SSPP-based waveguide filter, the simulated electric field distribution on the x-y plane and the magnitudes of energy flows on cross sections at 9 GHz when d = 7.5 mm are plotted in Fig. 4 (a) and (b), respectively. Fig. 4(c) shows the power flow at y-z planes cutting the circular hole of the SSPP-based waveguide filter at 9 GHz. The color scale ranges from red (highest intensity) to dark blue (lowest intensity), and the black line denotes the modal size of the proposed SSPP mode, which represents most of the integrated energy flow are limited in 0.27 λ (λ is the wavelength at 9 GHz). It is seen that from Fig. 4 , the EM fields are highly localized on the adjacent CPW lines and adjacent holes and are tightly confined in the deep subwavelength scale around the waveguide and the SPP wave propagates, which indicate that most of EM energy is highly localized within a small region in the SSPP-based waveguide filter. Hence, the CPW-based waveguide structure can support the modes of SSPPs propagation on the CPW surface and convert the quasi-TEM wave to SSPP (TM) wave efficiently.
B. EQUIVALENT CIRCUIT OF THE PROPOSED BAND-PASS FILTER
To further physically explain the whole structure behavior, a simplified LC equivalent circuits (neglecting R as its value will be negligibly small in case of metals) of the CPW feeding part, unit cell, SRR, and CPW-based coupling structure are shown in Fig. 5 . In the equivalent circuits, each conducting VOLUME 7, 2019 line in the design can be modeled as an inductance while any pair of parallel conducting edges is represented by some capacitance values, and the values of L and C represent per-unit-length values. The values of L 1 and C 1 of CPW feeding part can be derived from [35] and [36] and can be expressed as:
where Z 0 is the characteristic impedance of the CPW feeding part, ε re is the effective dielectric constant, and c 0 is the velocity of light in frees pace. Moreover, the values of equivalent L 4 and C 4 of SRR may be calculated as [34] :
in which µ 0 is the permeability of free space, R m is the mean radius of SRR (R m = r 2 − (r 2 − r 1 − w 3 )/2), and C p is the capacitance per-unit-length along the slot between the rings, which can be obtained from [35] . Based on the above equivalent circuits, a simplified equivalent circuit model for the whole system is synthesized by merging the L and C of the adjacent unit cells, as shown in Fig. 6 , which utilizes the equivalent circuits of the CPW feeding part, unit cell, and simplified CPW-based coupling structure cascaded each other and the SRRs paralleled to the last two unit cells. This schematic can be used to understand the performance of the system in circuital terms, and as a useful tool for future designs. According to formulas (1)-(3) and using the advanced design system (ADS) software to optimize the values, the values of the equivalent circuit are empirically calculated as: 
C. BAND-PASS FILTER PERFORMANCE
Following the geometrical description and physical mechanism explained above, the band-pass filter performance is now investigated. The full-wave simulation results are demonstrated together with the scattering parameters of the corresponding simplified equivalent circuit model, as shown in Fig. 7 . It is seen that the simulation results of the equivalent circuit model present the similar trend with the fullwave simulation results, which validate the proposed design exhibits the expected behavior. Moreover, it should be noted that the differences between circuit model and physical model responses at lower and higher frequencies are caused by the simplified circuit model of CPW-based coupling structure and unit cell, which ignore a small amount of coupling between the structures.
To improve the high frequency performance of the proposed band-pass filter, four SRR elements are added in the structure. The simulated results with and without SRRs are presented in Fig. 8 , which show that the SRRs can cancel the high frequency resonance about at 11.7 GHz and have no influence on the low frequency performance. Additionally, simulation results show that the proposed band-pass filter can achieve a bandwidth (for |S 11 | < −10 dB and |S 21 | > −1.6 dB) of 35.9% (7.31-10.51 GHz). Moreover, it should be mentioned that a slender shorting pin is used in the structure (as shown in Fig. 2 ) to connect the middle coupling metal line and the ground, which plays an important role on the whole design. The band-pass filter will not work if the shorting pin is removed, and as well as in the corresponding equivalent circuit model which means that the grounding lumped-element between two inductors (L 8 ) is necessary for the whole circuit.
D. PARAMETRIC STUDIES ON THE KEY PARAMETERS
In order to study the controllability of the proposed band-pass filter, parametric studies on the key parameters are conducted to analyze the effects of these parameters on performance, which are useful to the practical design of a SSPP-based band-pass filter. The low and high cut-off frequencies of the proposed band-pass filter are mainly controlled by two key parameters, respectively. The length of metal of the CPW-based coupling structure printed on the bottom substrate (l 4 ) is applied to control the low cut-off frequency, which decreases with the l 4 increases. Meanwhile, the length of unit cell (d) plays an important role on the high cut-off frequency controlling, which decreases with the d increases. Fig. 9 shows the simulated transmission (|S 21 |) and reflection (|S 11 |) coefficients of the proposed band-pass filter with the SRR and l 4 changes from 8 mm to 12 mm with the step 1 mm. It is obvious that the parameter l 4 can control the low cut-off frequency significantly, which decreases with the parameter raises. Fig. 10 shows the effects of the unit cell d on the performance of the high cut-off frequency. It is seen that the high cut-off frequency decreases with the unit cell d raises and has a good agreement with the simulated dispersion curves (as shown in Fig. 3(a) ). It should be noted the parametric study on d does not include the SRRs, due to the SRRs are only used for the performance enhancement of the high frequency and some |S 11 | points are a little higher than -10 dB, which can be cancelled by the fine adjustment of the structure. Generally, the low and high cut-off frequencies decrease as the length of bottom metal (l 4 ) and unit cell (d) increase. Converting to the LC equivalent circuit, the corresponding values of L and C in the equivalent circuit will raise, leading to the frequencies bring down.
From the parametric studies above, the proposed bandpass filter shows a good controllability of the low and high cut-off frequencies by independently tuning different parameters l 4 and d, respectively, which can be used in many applications for microwave and RF engineering.
IV. EXPERIMENTAL VERIFICATION
A prototype is fabricated to characterize the performance of the proposed filter, as shown in Fig. 11 . The prototype is fabricated using the standard printed circuit board technologies. The substrate used is the 0.5 mm Taconic RF-35 substrate with ε r = 3.5, loss tangent tan δ = 0.0018, and the metallic strips have a thickness of 0.035 mm, which is much greater than the skin depth of copper, and therefore copper is considered to be a perfect electrical conductor. The fabricated band-pass filter physical dimensions are as follows: l = 3.57 mm, l 1 = 19.2 mm, l 2 = 5.17 mm, l 3 = 6.6 mm, l 4 = 10 mm, w = 6 mm, w 1 = 2.4 mm, w 2 = 0.2 mm, w 3 = 0.2 mm, w 4 = 6.8 mm, w 5 = 0.6 mm, r = 2.88 mm, r 1 = 1.3 mm, r 2 = 2.5 mm, g 1 = 0.2 mm, g 2 = 0.1 mm, and d = 7.5 mm. Fig. 12 presents the simulated and measured results of the proposed band-pass filter. It is seen that the measured results have a good agreement with the simulated ones. The simulated bandwidth (for |S 11 | < −10 dB and |S 21 | > −1.6 dB) is from 7.31 GHz to 10.51 GHz and the measured return loss is a little greater than the simulated one at high frequency, which is maybe caused by the SMA soldering and the fabricated tolerances. As expected, the fabricated structure and measured results validate the proposed concept and hold the promise to realize a good band-pass performance at the microwave frequency band. retain much higher insertion loss than others and the SIW structures were also designed to achieve the mechanically controllable performance [17] , [18] . However, most of the microstrip and SIW designs were difficult to design a mechanically fully controllable band-pass filter with the low and high cut-off frequencies can be controlled independently. Accordingly, the electronically lumped element band-pass filters were designed for microwave applications [19] , [20] . Nevertheless, they are not planar structures and the fabrication cost is expensive. Therefore, compared to other band-pass filters, our proposed mechanically band-pass filter based on the SSPPs and CPW-based coupling structure exhibits the good advantages on the controllability of the frequency. In addition, our proposed band-pass is easy to fabricate with low cost and maybe has a great potential for microwave applications.
V. CONCLUSION
In this paper, a controllable band-pass filter based on the SSPPs and CPW-based coupling structure is proposed. The proposed concept and design are theoretically investigated using the dispersion curves, electric field distributions, and equivalent circuits. The low and high cut-off frequencies can be independently tuned by the related parameters. A prototype of the proposed filter has been fabricated, and the measured results are in good agreement with the simulated ones, which validates the proposed design concept. The proposed band-pass filter features some advantages compared to the reported structures, which makes it to be very useful for a wide variety of microwave applications. 
